Annual temperatures on the Antarctic Peninsula, one of the most rapidly warming regions on Earth, have risen by up to 0.56 C per decade since the 1950s [1] . Terrestrial and marine organisms have shown changes in populations and distributions over this time [2, 3] , suggesting that the ecology of the Antarctic Peninsula is changing rapidly. However, these biological records are shorter in length than the meteorological data, and observed population changes cannot be securely linked to longer-term trends apparent in paleoclimate data [4] . We developed a unique time series of past moss growth and soil microbial activity from a 150-year-old moss bank at the southern limit of significant plant growth based on accumulation rates, cellulose d 13 C, and fossil testate amoebae. We show that growth rates and microbial productivity have risen rapidly since the 1960s, consistent with temperature changes [5] , although recently they may have stalled [2] . The recent increase in terrestrial plant growth rates and soil microbial activity are unprecedented in the last 150 years and are consistent with climate change. Future changes in terrestrial biota are likely to track projected temperature increases closely and will fundamentally change the ecology and appearance of the Antarctic Peninsula.
Results and Discussion
Moss banks represent the most southerly direct record of terrestrial biological activity in Antarctica, and we have analyzed peat stratigraphy and associated microbial flora to provide a terrestrial paleoclimatic record of austral summer conditions. In 2008, we sampled a highly unusual 40 cm deep Polytrichum strictum (Brid.) moss bank at Lazarev Bay, Alexander Island, to the west of the Antarctic Peninsula (AP; 69 22.0 0 S, 71 50.7 0 W; Figure 1 ; see also Figure S1 available online), globally the southernmost formation of its kind [7] . The extraction and subsequent analysis of a single monolith from the moss bank was felt to be appropriate in light of the limited extent of moss growth at this exceptional and sensitive location.
Recent Climate Change on the Antarctic Peninsula Although there are no direct temperature records available from this part of Alexander Island, Lazarev Bay is within a region likely to have undergone significant recent warming ( Figure 1 ) [8] . The closest decadal-scale instrumental meteorological records, from Rothera station (Figure 1; [9] . To the southeast of Lazarev Bay, inland on the ice sheet, the Gomez ice core (Figure 1 C over the past 50 years [5] . Along with some of the fastest rates of warming on the planet, the AP has also experienced significant increases in precipitation and wind speed [1] . Inferred rates of warming derived from an ice core isotope proxy from James Ross Island show that recent temperature changes are unusual, although not unprecedented, in the context of multimillennial climate variability [4] . The recent temperature rise has been associated with changes in the physical environment of the Antarctic Peninsula, and changes in the habitats of native flora and fauna have been observed [1, 10] . Ice cover has reduced [11, 12] , exposing new areas of land for the local expansion and establishment of new populations of the two native vascular plant species (Deschampsia antarctica and Colobanthus quitensis) [2] and the diverse regional cryptogamic flora. Observed changes in plant populations are generally attributed to the changing temperatures (and consequential effects on water availability) in the region, including recent evidence of slowing of rates of expansion [2] . Although the recent terrestrial biological changes on the AP are not in doubt, records are limited to the period since the mid-1960s, and there is no longer-term context against which to clearly attribute ecological change to climate variability. Here, we reconstruct moss growth rates and soil microbial activity over the last 150 years and demonstrate a clear link between the terrestrial biological record and rapid warming on the AP, which has recently slowed.
Moss-Peat Formation Development and Characteristics
Radiocarbon dating of organic matter from the base of the peat core indicated the initiation of peat accumulation to have been approximately AD 1860, and the age-depth model facilitated the translation of the depths of the transverse samples to an estimated year of growth ( Figure 2 ; Table S1 ). Microscopic examination of plant material showed that the moss bank is formed from a single species throughout (Polytrichum strictum), and that the physical properties of the moss bank are generally stable, with water content at 60%-70% throughout the depth of the moss, decreasing slightly in the surface layers ( Figure 3C ). The moss bank accumulated at around 1.25 mm/year throughout the late 19 th and early 20 th centuries and then increased its growth rate from the mid1950s to reach >5 mm/year by the late 1970s ( Figure 3A ). The relatively stable bulk density ( Figure 3B ) shows that this is not attributable to compression, and rates of mass accumulation also show a similar overall pattern of change ( Figure 3E ). Mass accumulation rates were 0.01 g dry matter (DM)/ cm 2 /year for the first 100 years of the record, rising to between 0.05 and 0.10 g DM/cm 2 /year from the late 1950s onward (Figure 3E) . With a carbon content of w40%, the initial rate of carbon accumulation (40 g C/m 2 /year) is equivalent to that measured across 17 South American peatlands [13] . Both vertical extension and mass accumulation rates reached a maximum in the late 1970s, with a subsequent decrease in growth rate to 3.5 mm/year ( Figure 3A ) and in mass accumulation to 0.05 g DM/cm 2 /year ( Figure 3E ).
Biological Activity Derived from Isotopic and Testate Amoeba Analyses D 13 C C , the record of moss cellulose d 13 C C corrected for changes in the global composition of atmospheric CO 2 (Figure S2 ), initially shows a slow, long-term decline in D 13 C C for the earlier part of the record, which may indicate that conditions for photosynthesis deteriorated over the early 20 th century [13, 14] . There was a striking increase in D
13
C C from the 1950s onward ( Figure 4A ). In bryophytes, D 13 C C is largely dependent upon the water status of the tissue and is also Inset graphs show mean annual temperature trends as measured by instrumental records (Rothera and Vernadsky/Faraday; [6] ) and ice cores (Gomez; [5] ). See also Figure S1 .
proportional to the photosynthetic assimilation rate [14] [15] [16] , so the measured increase in D 13 C C is consistent with improved conditions for photosynthesis leading to increased growth rate ( Figure 3A) . The maximum D 13 C C of 19.3‰ (circa 1994), which is close to the theoretical maximum D 13 C C value, indicates that seasonal conditions for photosynthetic assimilation were near optimal at this time: water is sufficient for photosynthesis, but not in excess, which limits diffusive CO 2 supply [14, 15] .
We used testate amoeba population change ( Figure 4B ) as an estimate of total microbial soil activity, as compared to other peat accumulation ( Figures 3A  and 3E ) and isotopic proxies ( Figure 4A ). Small and abundant, the shells of testate amoebae are often well preserved in peat sediments, with morphological variation that facilitates identification of w2,000 described species [17] . Testate amoebae consume bacteria and fungi and thus can be considered as broadly indicative of overall microbial activity [18] . In Antarctic communities, testate amoebae represent a large proportion of the biomass of terrestrial heterotroph organisms [19] . The testate amoeba assemblage was dominated by a single taxon (Corythion dubium, Taranek 1881), with only a few other taxa present ( Figure S3) ; thus, total numbers are directly related to total microbial biomass. Testate amoeba populations were generally low (<1,000 tests/cm 2 /year) until they underwent a rapid increase in population size beginning in the early 1960s (Figure 4B ). This suggests that testate amoebae colonized the moss bank very soon after it became established, but that conditions for population expansion remained poor for the first 100 years. Between circa 1965 and circa 1990, concentrations increased to between 1,000 and 3,000 tests/cm 2 /year. There was then a further increase in population in the late 1990s, when the maximum value of 6,000 tests/cm 2 /year was reached, followed by a decline to w1,800 tests/cm 2 /year by the early part of the 21 st century ( Figure 4B ). The direct measurements of moss growth ( Figure 3A ) and mass accumulation ( Figure 3E ), as well as the proxies for photosynthesis (D 13 C C ; Figure 4A ) and microbial activity (testate amoebae; Figure 4B ), representing indicators of austral summer growth conditions, have all tended to decline over the past two decades. This is coincident with a stabilization in the populations of Deschampsia antarctica and Colobanthus quitensis close to Vernadsky/Faraday (Figure 1 ) between 1990 and 2006-2007 following decades of expansion, where the rate of change in temperature has decreased since 1990 and there has been little recent change in mean annual temperature [2] .
Biological Responses to Climate Change
We can conclude that the increasing temperatures recorded on the AP (Figure 1 ) initially enhanced moss growth as accumulation rate (Figures 3A and 3E ) and carbon isotope discrimination (D 13 C C ) increased from the 1950s onward (Figure 4A) . Despite recent temperature rises, temperatures during the summer growing season remain below the optimum for Polytrichum, so any increase in temperature would lead to an increase in CO 2 assimilation rate and carbon isotope discrimination [14] . On the South Shetland Islands, the growth rates of the lichens Rhizocarpon geographicum and Bellemerea sp. appear to have increased between 1956 and 1991 [20] , which has tentatively been attributed to climate change, though without the incremental measurements that have been possible on the Lazarev Bay moss-peat, the timings of changes are more difficult to ascertain.
The length of the melt season has increased across the AP region since 1948 [11, 21] , with earlier thawing of the growing surfaces extending the length of the growing season. Temperature is also likely to have driven increased microbial activity, as indicated by testate amoebae, probably through increased metabolic and organic matter turnover rates. Increased decay of organic matter is independently shown by the increased humification (reduced optical transmission of extracts) of the moss bank since the mid-1950s (Figure 3D) , coincident with the increased testate amoeba population growth rates.
These observations are consistent with the substantial temperature increase on the AP since the late 1950s (Figure 1 ): at Vernadsky/Faraday, there has been a mean annual temperature increase of 3.8 C since 1957 [22] , with smaller increases in summer temperatures (0.24 C 6 0.17 C per decade) and larger increases in winter (1.09 C 6 0.88 C per decade) [9] . Shorter records from nearby Rothera and Fossil Bluff confirm that similar trends have occurred further south, closer to the study site [6] . Critically, the d 18 O record from the Gomez ice core [5] shows that the acceleration in moss growth and microbial activity has tracked temperature over the last 150 years ( Figure 4C) , with the recent increase in biological activity coincident with the start of 20 th century warming, indicating that temperature is the most likely primary driver of plant productivity and microbial activity.
Water availability remains critical to the distribution, growth rates, and activity of most terrestrial organisms across Antarctica, including mosses and soil protozoa [23] . At Vernadsky/Faraday, the proportion of precipitation falling as rain and the number of annual precipitation events have increased since the 1960s [24] , both of which would increase free water availability to mosses and soil organisms. In the 1980s and 1990s, precipitation at Rothera increased substantially during the summer months of December and January and also in April, while decreasing in winter due to the weakened Amundsen Sea low-pressure zone [25] . There has also been a significant increase in snow accumulation on the western Antarctic Peninsula as indicated in the Gomez ice core, beginning in the 1930s and particularly evident since the 1970s [26] , as has also been noted at Dyer Plateau in the central Peninsula Table S1. (77 48 0 S, 64 31 0 W) [27] . Our data suggest that increased temperature and water availability at Lazarev Bay during the summer initially promoted moss and microbial growth in the past 50 years. However, too much water limits moss photosynthesis [13, 14] , and the subsequent stalling in growth and microbial populations seen at Lazarev Bay may reflect changing seasonality and intensity of precipitation, as well as associated temperature changes.
Concluding Remarks
We show that the rapid increase in moss growth and microbial activity observed since the late 1950s in the moss bank record is a consequence of warming temperatures and increased summer precipitation enabling higher metabolic rates and longer growing seasons. These biological changes are unprecedented, at least over the postindustrial period (since AD 1850). Thus, we can attribute the direct observations of increased biological activity in the late 20 th century [28] to climate, based on direct and indirect long-term climatic baselines. The relationship between moss growth, microbial activity, and climate suggests that moss banks have the potential to test the regional expression of temperature variability shown by instrumental data on the AP [8] over centennial to millennial timescales, by providing long-term records of summer growth conditions from the terrestrial western AP close to the meteorological stations. These will complement the more distant and widely dispersed ice core records from the major ice centers [4, 5, 27] . The rapid response of terrestrial systems to climate change on the AP suggests that the ecology and appearance of the AP landscape will alter rapidly in response to future changes in temperature and moisture availability during the growing season. 18 O from the Gomez ice core [5] . Shaded area marks period of rapid change.
